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We use inelastic neutron scattering to study the low-energy spin excitations of the 112-type
iron pnictide Ca0.82La0.18Fe0.96Ni0.04As2 with bulk superconductivity below Tc = 22 K. A two-
dimensional spin resonance mode is found around E = 11 meV, where the resonance energy is almost
temperature independent and linearly scales with Tc along with other iron-based superconductors.
Polarized neutron analysis reveals the resonance is nearly isotropic in spin space without any L
modulations. Because of the unique monoclinic structure with additional zigzag arsenic chains,
the As 4p orbitals contribute to a three-dimensional hole pocket around the Γ point and an extra
electron pocket at the X point. Our results suggest that the energy and momentum distribution of
the spin resonance does not directly respond to the kz dependence of the fermiology, and the spin
resonance intrinsically is a spin-1 mode from singlet-triplet excitations of the Cooper pairs in the
case of weak spin-orbital coupling.
PACS numbers: 74.70.Xa, 75.30.Gw, 78.70.Nx, 75.40.Gb
In unconventional superconductors such as copper ox-
ides, heavy fermions, and iron-based superconductors,
the neutron spin resonance is a crucial evidence for spin
fluctuation mediated superconductivity in the proximity
of an antiferromagnetic (AF) instability. On cooling be-
low the superconducting transition temperature Tc, the
intensity of spin excitations around a particular energy
(the so called resonance energy ER) behaves like a su-
perconducting order parameter [1–5]. Theoretically, the
spin resonance mode is generally believed to be a spin-1
exciton from the singlet-triplet excitations of the electron
Cooper pairs [6–9]. However, such a picture is still not
well established yet in the iron-based superconductors,
although the spin resonance has been observed in many
superconducting iron pnictides and iron chalcogenides
[4, 5, 10–32]. The spin resonance is argued to arise from
the sign-reversed (s±) quasiparticle excitations between
different Fermi surfaces in these multiband systems [33–
35]. Such a mechanism should yield a sharp resonant
peak with an energy below the total superconducting
gaps summed on the nesting bands [9, 26, 33], while some
exceptions in particular compounds with a broad en-
hancement of intensity and ER > 2∆ are argued to be the
sign-preserved (s++) superconducting state [27–32]. The
proximity to the AF order and spin-orbital coupling give
further complexity on the energy and momentum distri-
bution of spin resonance [12–21]. Similar to the cuprate
superconductors, the resonance energy in iron-based su-
perconductors overall follows a linear scaling with Tc with
slightly different prefactor: ER ≈ 4.9kBTc, suggesting
the common features of the magnetism in various mate-
rials and their intimate relation to high-Tc superconduc-
tivity [Fig. 1(d)] [5, 9, 10, 30, 36, 37].
The 112-type iron pnictide Ca1−xLaxFeAs2 discovered
in 2013 has a unique noncentrosymmetric lattice struc-
ture derivative from HfCuSi2 with additional zigzag ar-
senic chains between Ca/La layers [38, 39]. Its magnetic
order is very similar to the collinear antiferromagnetism
in in BaFe2As2 (122 type) or NaFeAs (111 type) with
same wavevector QAF= (1, 0) in the unit cell with two Fe
atoms (or Q= (0.5, 0.5) in the one Fe unit cell), but the
ordered moments are 45◦ away from the easy axis of the
stripe direction along aM [Fig. 1(a)] [1, 5, 10, 39]. Com-
paring to other iron-based superconductors, the fermi-
ology of Ca1−xLaxFeAs2 is also composed of two hole
pockets at the zone center (Γ point) and one oval-like
electron pocket at the zone corner (M point) [39, 41].
However, one additional 3D hole pocket around Γ point
and one more electron pocket at the Brillouin zone edge
(X point) are contributed by 4p orbitals from As chains
in hybridization with Fe 3d orbitals [42, 43]. While fila-
mentary superconductivity can be obtained in the pure
La doped compounds [41, 44–46], further doping Co or
Ni can improve the system to bulk superconductivity
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FIG. 1: (a) Crystal and magnetic structure of the
Ca1−xLaxFeAs2 system. (b) Superconducting transitions of
our Ca0.82La0.18Fe0.96Ni0.04As2 samples measured by the re-
sistivity and magnetic susceptibility. (c) Polarization setup
in the reciprocal space for the polarized neutron scattering
experiment. (d) Linear scaling between the resonance energy
ER and critical temperature Tc in iron-based superconductors
[5, 12–16, 18–26, 28, 29, 32, 36, 37]. (e) Photo of the coaligned
Ca0.82La0.18Fe0.96Ni0.04As2 crystals.
with Tc up to 34 K [1, 47]. Unlike the nearly isotropic
superconductivity in the 122 system [48], transport ex-
periments reveal a quasi-2D behavior of superconducting
fluctuations in the 112 system [49].
Here, in this letter, we report a systematic in-
elastic neutron scattering study on the 112-compound
Ca0.82La0.18Fe0.96Ni0.04As2 with bulk superconductivity
below Tc = 22 K [Fig. 1(b)]. We have found a 2D
spin resonance in reciprocal space with resonance energy
ER = 11 meV in scaling with other iron-based super-
conductors [Fig.1 (d)][4–29]. Polarized neutron analysis
reveals that the resonance is isotropic in spin space due to
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FIG. 2: (a), (b) Energy dependence of the two-dimensional
slices along the Q = (1,K) direction with Ei = 40 meV
at T = 7 and 30 K. (c), (d) Constant-energy slices of the
magnetic excitations with E = 11 ± 2 meV at T = 7 and 30
K. (e) One-dimensional cuts of the magnetic excitations at
E = 11±2 meV along the Q = (1,K) direction. The red and
blue lines are Gaussian fits to the raw data, and the black
line is their difference. (f) Spin resonance mode revealed by
the difference of the spin excitations between T = 7 and 30
K. The solid lines are guides to the eyes.
weak spin-orbit coupling. After comparing with the cal-
culated band structure and Fermi surfaces, we conclude
that the spin resonance mode in the 112 system is intrin-
sically from spin singlet-triplet excitations, and it does
not directly respond to the 3D Fermi surface induced by
the As 4p orbitals.
We prepared high quality single crystals of
Ca0.82La0.18Fe0.96Ni0.04As2 using the self-flux method
[1] and coaligned 2.3 g single crystals [about 1500 pieces,
see Fig. 1(e)] with a small mosaic about 4◦ in the
ab plane and 3◦ along the c axis [50] . The transport
characterization suggests the superconducting transition
is very sharp with Tc = 22 K and about a 100% shielding
volume at low temperature [Fig. 1(b)]. Time-of-flight
neutron scattering experiments were carried out at the
HRC spectrometer (BL-12) at J-PARC, Tokai, Japan,
with an incident energy Ei = 40 meV and ki parallel to
the c axis. Unpolarized neutron scattering experiments
were performed at the thermal neutron triple-axis
spectrometer TAIPAN at Australian Centre for Neutron
3Scattering, ANSTO, Australia, with fixed final energy
Ef = 14.7 meV. The scattering plane (H, 0, 0)× (0, 0, L)
is defined by using a pseudo-orthorhombic magnetic
unit cell with aM ≈ bM ≈ 5.52 A˚, cM = 10.27 A˚,
and the vector Q in reciprocal space is defined as
Q = Ha∗ + Kb∗ + Lc∗, where H, K, and L are Miller
indices and a∗ = aˆ2pi/aM ,b∗ = bˆ2pi/bM , c∗ = cˆ2pi/cM
are reciprocal lattice units. Polarized neutron scattering
experiments were carried out using the CryoPAD system
at the CEA-CRG IN22 thermal triple-axis spectrometer
of the Institut Laue-Langevin, Grenoble, France, with
the same scattering plane and final energy as the
TAIPAN experiment. We define the neutron polariza-
tion directions as x, y, z, with x parallel to Q, and y
and z perpendicular to Q as shown in Fig. 1(c). At a
specific momentum and energy transfer, magnetically
scattered neutrons can have polarizations antiparallel
[neutron spin flip (SF) ↑↓] to the incident neutrons.
The three neutron SF scattering cross sections can
be written as σSFα , where α = x, y, z. Since neutron
scattering is only sensitive to those magnetic scattering
components perpendicular to the momentum transfer Q,
we therefore have σSFx = cMy+cMz+B, σ
SF
y = cMz+B,
σSFz = cMy + B, where My and Mz are the magnetic
fluctuation moments along the y and z directions, B
is the constant background from the instrument, and
c = (R − 1)/(R + 1) with spin flipping ratio R ≈ 15
in our experiment [51–57]. If the spin excitations are
completely isotropic in spin space, then My must be
identical to Mz, resulting in σ
SF
y = σ
SF
z = (σ
SF
x +B)/2.
Figure 2 shows the energy and momentum dependence
of low-energy spin excitations at 7 K (below Tc) and 30 K
(above Tc) measured at HRC. A significant enhancement
of the spin excitations from 8 to 15 meV is found at the
superconducting state (T = 7 K), with an ellipse shape
elongated along the K direction but no clear energy dis-
persion [Figs. 2(a)-2(d)]. By comparing the spin exci-
tation intensity below and above Tc, a resonance mode
is identified to be around 11 meV at the zone center
Q = (1, 0) (Figs. 2(e) and 2(f)). Given Tc = 22 K, we
have ER = 5.8kBTc, which is close to the prefactor 4.9
as shown in Fig. 1(d) [37]. The momentum transfer and
temperature dependence of the spin resonance is mea-
sured at TAIPAN, as shown in Figs. 3(a) and 3(b). For
clarity, we only present the intensity differences between
the superconducting and normal states. The spin excita-
tions remain almost the same for different L = 0.5, 0.75,
and 1 from 2 to 15 meV within the first Brillouin zone,
suggesting the 2D nature of the resonance mode. More-
over, the resonance energy corresponding to the maxi-
mum intensity is nearly temperature independent; thus,
it does not exactly follow the temperature dependence of
the BCS-like superconducting gaps [15, 16, 58–64].
To further check the anisotropy of the spin resonance in
energy, Q, and the temperature dependence, we further
carried out polarized neutron scattering at IN22. The
FIG. 3: (a) Energy dependence of the spin resonance at Q =
(1, 0, L) with L = 0.5, 0.75, and 1 for unpolarized neutron
scattering. (b) Temperature dependence of the spin resonance
at Q = (1, 0, 0.75) from 1.5 to 19 K. (c)-(f) Energy scans at
Q = (1, 0, 0.5) for SF scattering below and above Tc and their
difference for each neutron polarization direction, marked as
σSFx,y,z. The solid lines in (a), (b), (d), and (e) are guides to
the eyes, and in (f) the solid line is the half of (e).
raw data of the magnetic scattering in SF channels at
T = 1.6 K (below Tc) and 30 K (above Tc) is shown
in Figs. 3(c) and 3(d), respectively. There is no clear
difference between σSFy and σ
SF
z at both temperatures
within error bars, suggesting isotropic spin excitations in
both superconducting and normal states [51–53]. The
difference of σSFα (α = x, y, z) at Q = (1, 0, 0.5) below
and above Tc confirms the 11 meV resonance mode [Figs.
3(e) and 3(f)]. Since the temperature difference plots in
Figs. 3(e) and 3(f) should contain no background, we
expect σSFx = σ
SF
y + σ
SF
z = 2σ
SF
y [52]. The red line in
Fig. 3(f) indicates the half intensity of σSFx (black line)
in Fig. 3(e), and it is indeed statistically identical to σSFy
or σSFz .
Figures 4(a) and 4(b) summarize constant energy scans
along the (H, 0, 0.5) direction at the resonance energy
ER = 11 meV with different neutron polarizations. All
three channels display well-defined Gaussian peaks both
at T = 1.6 K and 30 K. After subtracting the flat back-
ground, the spin excitations are nearly isotropic by sat-
isfying σSFx = 2σ
SF
y = 2σ
SF
z , except for a negligible differ-
ence between σSFy and σ
SF
z at the zone center with T =
1.6 K. Since the magnetic fluctuating moments can be
expressed by My = Ma sin
2 θ + Mc cos
2 θ and Mz = Mb
[θ is the angle between Q and the (H, 0, 0) directions]
4FIG. 4: (a), (b) Constant energy scans at E =11 meV along
Q = (H, 0, 0.5) in the neutron SF channel σSFx,y,z below and
above Tc, respectively. The solid lines are Gaussian fits to
the raw data. (c) Constant energy scans along Q = (1, 0, L)
at E =11 meV and T = 1.6 K. The solid lines represent the
square of the form factor normalized by the initial intensity
for each channel. (d) Temperature dependence of the neutron
SF scattering cross section σSFx,y,z at E =11 meV and Q =
(1, 0, 0.5). The dashed lines are guides to the eyes.
[7, 52, 53, 57], and as we actually have Ma = Mb due
to the diagonal orientation of ordered moments [1, 47],
the difference between My and Mz (σ
SF
y and σ
SF
z ) must
come from the anisotropic excitations between Ma and
Mc and decrease with increasing L. It turns out to be
not the case in our experiment, because all three chan-
nels of the spin resonance do not have either any clear
modulation or an abnormal dependence besides the in-
tensity following the square of the form factor | fM (Q) |2
ranging from L = 0 to L = 3 [Fig. 4(c)]. The small and
persistent difference between σSFy and σ
SF
z in Fig. 4(c)
is attributed to the slight change of the flipping ratio in
these two channels instead of the spin anisotropy. Fi-
nally, a temperature dependence of the spin resonance at
all three neutron polarizations is shown in Fig. 4(d). The
intensity of σSFx likes an order parameter and responds to
Tc, and the spin excitations are isotropic except for the
perturbation from critical scattering around Tc [56, 57].
To figure out the band structure and fermiology in
this particular compound, we performed generalized-
gradient-approximation (GGA) calculations, as shown in
0.2
0
-0.2
-0.4
-0.6
-0.8
-1
-1.2
-1.4
M M
E n
e r
g y
 ( e
V )
E n
e r
g y
 ( e
V )
0.75
0.5
1
0.25
0
-0.25
-0.5
-0.75
-1
 MY


MY
X
(a) (b)
(c) (d)
dxy
4pz
d   ,dxz yz dz2
X
M

Q
FIG. 5: (a), (b) Band structure and orbital occupation of
Ca0.82La0.18Fe0.96Ni0.04As2 from the GGA calculation. (c),
(d) Fermi surfaces in 2D projection and 3D reciprocal space
from the GGA calculation.
Fig. 5. Similar to the Ni free system Ca1−xLaxFeAs2,
the As 4p orbitals are involved besides the Fe 3d or-
bitals (Figs. 5(a) and 5(b)), resulting in a 3D hole
pocket around the Γ point and a small 2D electron
pocket around the X point (Figs. 5(c) and 5(d)). The
other 2D hole sheet outside the zone center, as shown
in the dynamical mean field theory (DMFT) calculation
of Ca1−xLaxFeAs2 [39, 41–43], is not found in our GGA
calculation due to the Ni doping effect. Since we only
find a 2D spin resonance around Q = (1, 0) (Fig. 2) cor-
responding to the wave vector Q from Γ/Z to M [Fig.
5(c)], the extra electron pocket at the X point thus has
no contribution to the spin excitations or superconductiv-
ity. The s± pairing only happens on the 3D hole pocket
around the Γ point and 2D electron pockets at the M
point.
The complex multiorbital nature in iron-based super-
conductors may lead to a dispersion and spin anisotropy
of the spin resonance [19, 52, 53, 64–71]. In a recent
study on CaKFe4As4 (1144 compound), the spin reso-
nance is found to be composed with nondispersive triple
modes with energies scaling with the total superconduct-
ing gaps summed on the nesting hole and electron pock-
ets. In contrast to its 2D fermiology, the resonance inten-
sity has highly 3D modulation with both odd and even
L symmetries due to the nondegenerate spin excitations
from the Fe-As bilayer [26]. For our case in the 112 sys-
tem, although the broad energy distribution of the spin
resonance may be involved with multimodes due to the
double electron sheets, the resonance energy and inten-
sity is completely L indepdent, suggesting a 2D nature
of the resonant mode despite the 3D hole pocket. There-
fore, the spin resonance actually does not respond to the
5kz dependence of the fermiology in the iron-based su-
perconductor. More uniquely for the 112 system, the
spin-orbit coupling is rather weak due to the decoupled
structural transition and magnetic transition in the “par-
ent”compound [1, 39]; the Ni doping further weakens the
orbital ordering as well as the nematicity [72, 73]. This
fact enables us to reveal that the spin resonance intrin-
sically is an isotropic spin-1 collective mode of spin exci-
tations. Moreover, the presence of additional zigzag As
chains probably blocks the correlations for FeAs interlay-
ers; then the Ni doping can eliminate the 3D AF order
very easily [1], giving rise to a 2D superconductivity and
spin resonance in the doped compounds [49, 74]. Finally,
the nearly temperature independent resonance energy is
also consistent with the s± pairing mechanism [64].
In summary, inelastic neutron scattering experiments
have been carried out on the 112-type iron pnictide super-
conductor Ca0.82La0.18Fe0.96Ni0.04As2. A 2D spin reso-
nance mode around E = 11 meV is found. The nearly
temperature independent resonance energy scales with
Tc along with other iron-based superconductors. The
isotropic intensity of the resonance in spin space suggests
that it is a spin-1 excited mode of Cooper pairs in the
case of weak spin-orbital coupling. Comparing with our
recent study on CaKFe4As4 [26], we argue that the spin
resonance in the iron-based superconductor intrinsically
is a spin singlet-triplet exciton and does not respond to
the kz dependence of the fermiology.
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8Supplementary Materials
We prepared high quality single crystals of
Ca0.82La0.18Fe0.96Ni0.04As2 using self-flux method,
the detailed procedure of the crystal growth is shown
in our previous report [1]. The size scale of the crystals
is about 1 to 6 mm. We co-aligned 2.3 g single crystals
(about 1500 pieces) by a X-ray Laue camera (Photonic
Sciences) in backscattering mode with incident beam
along c-axis. A hydrogen-free glue named CYTOP was
painted on the back side of the crystals by sticking on
thin aluminium plates and baked for 1-2 hours at 100
◦C. The scattering plane was set up as (H, 0, 0)×(0, 0, L)
with several aluminium plates with samples (Fig. S1).
The neutron diffraction measurements on the whole
sample array reveal a small mosaic of these co-aligned
crystals. The rocking curves can be well fitted by
Gaussian functions with full-width-at-half-maximum
(FWHM) less than 3.7◦ for ab−plane(Q = (2, 0, 0)) and
2.8◦ along c−axis(Q = (0, 0, 4)) (Fig. S2).
Figure S3(a) shows the normalized resistivity
(ρ/ρ300K) of our Ca0.82La0.18Fe0.96Ni0.04As2 crystals.
The sharp superconducting transitions, uniform Tc
and nearly identical normal state behaviors among 8
randomly selected samples indicate high quality and
homogeneity of our samples. No kinks of ρ related to the
structural or magnetic transition can be found. Figure
S3(b) shows the temperature dependence of the DC
magnetic susceptibility for 2 typical crystals picked up
from the resistivity measurements. The superconducting
transitions are very sharp, and both of the samples have
full Meissner shielding volume (4piχ ≈ −1) at based tem-
perature (T = 2 K), suggesting bulk superconductivity
in our crystals.
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9FIG. S1: Photos of the assembled Ca0.82La0.18Fe0.96Ni0.04As2 crystals on for neutron scattering experiments.
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FIG. S2: Rocking curves of co-aligned crystals measured by neutron diffraction experiments. The solid lines are Gaussian fits
of the data.
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FIG. S3: Transport characterizations of our single crystals: (a) Temperature dependence of the resistivity, all the data is
normalized by the resistivity at 300 K; (b) Temperature dependence of DC magnetic susceptibility.
